Abstract The consensus protocol of cyber-physical power systems is proposed based on fractional-order multi-agent systems with communication constraints. It aims to enable each generator to reach a time-varying common rotor angle and rotor speed. Communication constraints including event-triggered sampling and partial information transmission are considered to render the consensus protocol more realistic. The Zeno behavior is excluded during the system sampling process. A sufficient condition is derived to solve the consensus problem. The effectiveness of the proposed consensus protocol is demonstrated by a numerical example.
Introduction
The concept of cyber-physical power systems (CPPSs) is first proposed in [1] as a dedicated case of a cyberphysical system in a power system. It is composed of a large number of computing devices (servers, computers, and embedded computing devices), data acquisition devices (sensors, phasor measurement unit, and embedded data acquisition equipment), and physical devices (large-scale generator set, distributed power supply, and load). These devices are connected through communication and transmission networks. CPPSs combine the advantages of cyber-physical systems and power systems. However, it also experiences many technical and security challenges [2, 3] . Owing to the ability to collect and handle massive information compared with traditional power systems, studies on CPPSs such as traffic networks [4] and aviation electric power systems [5] have been performed. Among these, the stability of CPPSs has been emphasized, because an unstable power supply may lead to voltage collapse and breakdown of the entire power system [6, 7] . Most studies on stability in the existing literature are focused on the supply-demand balance and rotor angle stability. Specifically, the target of the supply-demand balance is to continuously match the production and consumption of electricity across networks [8] . The rotor angle stability [9] enables the CPPS to operate smoothly and efficiently by allowing each generator to reach a time-varying common rotor angle and speed, separately. Both of them can be regarded as a consensus perspective. Thus, many studies use the consensus theory to solve stability problems in CPPSs [10, 11] .
A multi-agent system (MAS) model has been extensively studied as an effective method for the consensus problem [12, 13] . It is a cooperative system whereby agents can share their information to communicate with each other. The MAS has many significant real-world applications, such as sensor networks [14] , unmanned air vehicles formations [15, 16] , and microgrids [17] . Furthermore, many studies have applied the MAS to a CPPS [18] [19] [20] [21] . In [18] , a distributed multi-agent-based load shedding algorithm that can yield an efficient load shedding decision based on the discovered global information was proposed. In [20] , an innovative approach was proposed to use realtime scheduling techniques for the automation of electric loads in CPPSs. In [21] , a distributed control method to enhance power system rotor angle stability based on the second-order MAS consensus was proposed, where each generator can be regarded as an agent to communicate with each other. Nevertheless, most of the studies on CPPSs are based on integer-order MASs. In fact, real-world processes are generally (or most likely) fractional-order systems [22, 23] . Many physical systems exhibit fractional dynamical behavior owing to their special materials and chemical properties [24] [25] [26] [27] . Thus, it is highly desirable to study CPPSs with fractional-order MASs.
Communication constraints that are crucial factors to the system performance cannot be ignored in practice. Among them, the partial information transmission is significant. That is to say, not all of the information can be transmitted to their neighbors perfectly [28] [29] [30] . Energy saving is another important topic. Considering the massive communicating and computing work in CPPSs, sampling would be an efficient method to reduce resources. Traditional periodic sampling techniques would typically waste much energy and consequently shorten the lifespan of the system to a certain degree [31] . To address this problem, event-triggered control has attracted significant attention from research into the consensus of MASs [32] [33] [34] [35] [36] [37] . The Zeno behavior must be excluded in the event sampling process; otherwise, continuous communication will be required again [38] . However, among the existing literatures, the proofs absent of the Zeno behavior are not presented (or are naturally avoided), because events can only occur at sampling time instants that are a multiple of some given sampling period [34, 39] . Therefore, it is necessary to propose a more specific proof when the Zeno behavior is excluded.
Our current study is of practical significance because it can effectively reduce the gap between the physical and cyber worlds. However, few results have been found in the existing literature. Motivated by the discussions above, we herein consider the consensus of CPPSs based on fractional-order MASs with communication constraints. Our objective is to ensure that each generator achieves a timevarying common rotor angle and rotor speed. The contribution of this paper can be summarized in three aspects: 1) a fractional-order MAS modeling with communication constraints is established for the consensus of the CPPS; 2) based on communication constraints, a distributed event condition is introduced for energy conservation, and consensus criteria are obtained that can be applied to more practical systems; 3) a finite number of broadcasts and updates exist by each agent in any finite time period, thus ensuring that the Zeno behavior does not occur in the CPPS. The effectiveness of the proposed consensus criteria is illustrated with a numerical example.
Model description and preliminaries
In this section, some basic notions and properties of the algebraic graph theory are introduced.
Each agent can be abstracted as a node. Let G ¼ ðV; E; GÞ be a weighted directed network of order N, with the set of nodes (vertices) V ¼ f1; 2; . . .; Ng; the set of directed edges E V Â V; and a weighted adjacency matrix A ¼ ða ij Þ NÂN . A directed edge in graph G is denoted by the ordered pairs of nodes E ij ¼ ði; jÞ; where i and j are called the terminal and initial nodes, respectively. If edge ðj; iÞ 2 E; then node j is called a neighbor of node i, implying that node i can receive information from node j. Therefore, a ij [ 0; otherwise, a ij ¼ 0: The neighborhood index set of node i is denoted by N i ¼ fj 2 Vjðj; iÞ 2 Eg; while we indicate with jN i j its cardinality (the number of neighbors of node i). jj Á jj and jj Á jj 1 represent the Euclidean norm and one norm for a vector or a matrix, respectively. I n and O n express the identity matrix and zero matrix with dimension n, respectively. D where CðÁÞ is the gamma function CðtÞ ¼
Several definitions exist that refer to the fractional derivative of order a [ 0. Compared with other definitions, the Caputo derivative has a unique advantage; it only claims the initial conditions provided as the integer-order derivative of pðÁÞ and the function itself. Therefore, our consideration is a fractional-order MAS with a Caputo derivative, whose definition is given below. 
Therefore,
where P 2 R nÂn is a symmetric positive definite matrix, a 2 ð0; 1Þ:
Network model
In this section, we will discuss the stability of the rotor angle. The CPPS can be modeled by the formulas as follows [41] .
where d i is the rotor angle; x i is the rotor speed; D i is the damping coefficient; M i is the inertia constant; P mi is the mechanical power; P ei is the electrical power; E 0 i is the internal bus voltage vector; V is the generator terminal voltage vector. RðdÞ and TðdÞ are matrices comprised of elements R i ðd i Þ and T i ðd i Þ, respectively. R i ðd i Þ; T i ðd i ÞF i , and H i are descried in [41] in detail.
A classical coherency criterion states that a generator pair (i, j) is considered coherent if
which can be considered a consensus problem of a secondorder multi-agent system. It appears that we can use a multi-agent system to study the rotor angle stability of the CPPS.
From (1) and (2), if the controller input is chosen in the following form:
where u 0 i is the new input to be determined, then the differential equations of the rotor angle and rotor speed in the CPPS is described as follows:
Thus, the design of u 0 i is important. Next, we discuss the rotor angle stability of the CPPS with a multi-agent system model.
The fractional-order calculation is more general, because it is an expansion of the integer-order calculation. We consider the fractional-order multi-agent system as follows:
where b 2 ð0; 1; x i ðtÞ 2 R n ; v i ðtÞ 2 R n are the position and speed information of the i th agent, respectively; u i ðtÞ is the control input.
To achieve a common position and speed for the MAS based on the fractional-order MAS (6), we consider the following control protocol:
where A ¼ ½a ij NÂN is the weighted adjacency matrix, which represents the connection among agents. Considering the factors of the MAS and the influence of the external Consensus of cyber-physical power systems based on multi-agent systems with communication... environment, the nonlinear term [42] is added to the control model of the system. f :
. . .; n: It is called the channel matrix [28] , owing to the imperfect signal transmission in a communications network.
Let
The control input of the partial information transmission for the consensus of the MAS (7) It is clear that the matrices R k are decomposed from R ij : Moreover, R k ði; jÞ is the k th diagonal element of R ij for any i; j ¼ 1; 2; . . .; N: Obviously, R k has the zero row-sum property. Herein, we always assume that R k is irreducible. Suppose n k ¼ ½n k1 ; n k2 ; . . .; n kN T 2 R N satisfying P N i¼1 n ki ¼ 1 is the normalized left eigenvector of matrix R k corresponding to the eigenvalue 0. From [43] , n ki [ 0 holds for all i 2 f1; 2; . . .; Ng and k 2 f1; 2; . . .; ng: Setting U i ¼ diagfn 1i ; n 2i ; . . .; n ni g; we can obtain P N i¼1 U i R ij ¼ 0: Owing to the massive distributed components and the large number of data in the CPPS, energy saving appears particularly important. Compared with traditional period sampling, the event-trigger sampling strategy is more advantageous. Therefore, we adopt the event-trigger sampling method. The control input u i ðtÞ is converted into
where t i k is the sampling instant that is analytically determined by the following individual event condition: The following assumption, definitions, and lemmas will be used to derive our primary results. Thus, they are given as below: 
Primary results
In this section, we shall obtain the consensus condition of the fractional-order MAS with communication constraints.
Let where xðtÞ is the time-varying common position and vðtÞ is the time-varying common speed for each agent;xðtÞ;ṽðtÞ are the errors between the current state information and the common state information. Subsequently, the consensus problem can be translated into a stable issue. Becausẽ
we can obtain
Subsequently, we can obtain the following error dynamical system 
Based on the analysis above, we can obtain the condition that the agents cooperate to achieve the time-varying common position and speed in the MAS.
Theorem 1 Suppose that Assumption 1 holds and t
. . .; N under the event condition. R k is irreducible. Therefore, the consensus in network (6) is achieved under the designed control input (9) if the scalar a [ 0 exists that satisfies the following LMIs:
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Proof Consider the following Lyapunov function candidate: 
Then, VðtÞ ! 0: VðtÞ ¼ 0 if and only if yðtÞ ¼ 0. By calculating the time derivative of the V(t) along the trajectory of the error system (10), the following equation can be obtained: 
Then, (12) can be rewritten as
where vðtÞ; tÞ ½
According to the definition of Q k , we conclude that the columns of Q k form a basis of the subspace E k , where (13) follows that
From the definitions of measurement errors, we found that e xi ðtÞ and e vi ðtÞ will be set to zeros at each event sampling instant t i k : The next sampling time instant t i kþ1 is the moment when the term jje xi ðtÞjj 1 þ jje vi ðtÞjj 1 becomes the time-varying threshold
Then, for all t ! 0; 
Thus, we can obtain from I 3 that
From (14), (15), (17) and (18), we can obtain the following:
where
From the condition of the theorem, we know that H [ 0.
Choosing 0\h\
k min ðHÞ k max ðPÞ ; we have
where hðtÞ ¼ ge
exists a non-negative function q(t) such that D b VðtÞ þ qðtÞ ¼ ÀhVðtÞ þ hðtÞ: We can obtain its solution by the Laplace transform method [44] . Then,
where Ã stands for the convolution between two functions,
Because the non-negative function qðtÞ ! 0; t bÀ1 ! 0 and Thus, the consensus in the fractional-order MAS (6) is achieved asymptotically, implying that the position and speed of every agent will approach a time-varying common state.
Next, we will show that the Zeno behavior would be excluded. Therefore, there exists a strictly positive number such that for each i; i ¼ 1; 2; . . .; N; we have t will yield the following equality:
Thus, we have 
Àcs \k 3 e ls Because k 1 þ k 2 [ k 3 ; a strictly positive s must exist that satisfies the equality k 1 þ k 2 e Àct ¼ k 3 e lt ; as illustrated in Fig. 1 . The Zeno behavior is excluded for all agents during the sampling process, i.e., t When the information among the agents can be perfectly transmitted through the communication system, meaning the channel matrix is equal to an identity matrix I n , from the definitions of R ij ; R k ; U i in the former part, they can be redefined as R ij ¼ a ij I n ; R k ¼ ÀL; U i ¼ n i I n ; and N k ¼ N ¼ diagfn 1 ; n 2 ; . . .; n N g; respectively, where L is the Laplacian matrix of the network. Subsequently, the fractional-order MAS by the event-trigger sampling scheme would be varying value. Figure 6 shows the event-triggered sampling instants of all five agents of the system during the time period [0, 1.5].
Conclusion
Herein, the consensus of the CPPS based on the fractional-order MAS with communication constraints was investigated, and a sufficient consensus condition was derived. Owing to practical limitations, only partial information could be transmitted among agents. For the energy resource conservation, the event-trigger sampling strategy was considered and the Zeno behavior of the triggered time sequence was excluded. Thus, the proposed consensus protocol of the CPPS based on the fractional-order MAS model with communication constraints was more realistic and general. Therefore, the related consensus problem was challenging. Finally, a numerical example was presented to demonstrate the validity of the theoretical results. 
